ABSTRACT
INTRODUCTION I
NFLAMMATION OF THE BREAST during lactation is experienced in varying degrees of severity ranging from mild transient symptoms of inflammation, or blockage of the breast, to mastitis that is generally characterized by a more severe illness accompanied by systemic symptoms. 1 Approximately one in five women can expect to suffer at least one episode during their lactation, [1] [2] [3] [4] [5] yet there is little understanding of the physiologic and pathologic processes occurring before, during, and after mastitis.
Changes previously observed in the biochemical composition in milk from breasts with mastitis include increases in the concentrations of sodium, [6] [7] [8] [9] [10] [11] sodium potassium ratio, 11 chloride, 8 serum albumin, 8, 10 immune components, 9 and cytokines, 11, 12 along with a decrease in lactose, [6] [7] [8] [9] and glucose. 8 It is not known if these changes occur in the presence of all the varying clinical forms of mastitis or to what degree the natural course of change and recovery occurs.
The aim of this study was to observe women before, during, and after the occurrence of mastitis to describe changes in milk composition that reflect variations in breast permeability, milk synthesis, and immune response.
MATERIALS AND METHODS
Sample collection, recruitment, and demographics of subjects have been reported in detail elsewhere; 13 however, in brief: The research conducted used a convenience sample of lactating women (n ϭ 26), assessed to be at risk for developing mastitis, who were then followed prospectively from the fifth day postpartum to the end of their lactation. Reference samples of blood and milk were collected from women at intervals during the first 3 months postpartum to obtain data on the normal range of a set of potential biochemical markers for mastitis. Included in this range of markers were sodium (Na), chloride (Cl), lactose, glucose, serum albumin, lactoferrin, and secretory immunoglobulin A (sIgA) in milk and lactose in blood and urine. C-reactive protein (CRP) in milk and blood also was measured on days 5 and 14 postpartum. Women were interviewed at collection times to identify any coexisting breast (e.g., nipple trauma) or systemic pathologies. If women suffered with mastitis at any time during their lactation, further samples were collected daily during the course of their mastitis and at follow-up 7 days after resolution of symptoms. Women with mastitis completed a symptom log to provide descriptive data on the characteristics and management surrounding the onset and duration of their mastitis.
The study was approved by The University of Western Australia, Human Research Ethics Committee.
Operational definitions
Breast inflammation. Breast inflammation was defined as a warm to hot, red, and tender/ painful area of the breast. It was further categorized as localized, segmental, or total breast inflammation according to the area of inflammation present.
Systemic symptoms. Systemic symptoms were defined as mild (feels unwell, tires easily, afebrile [body temperature (T°) Ͻ37.5°C]); acute (unwell, T°Ͼ37.4°C and Ͻ38.5°C, myalgia, needs to go to bed); and hyperacute (T°Ͼ 38.4°C, myalgia, headache or vomiting, rigors).
The symptoms experienced were then used to apply the following diagnostic criteria. Blocked ducts were defined as tenderness, erythema, and/or nodular area(s) of the breast present for less than 24 hours and without accompanying systemic symptoms.
Mastitis is defined as any inflammation of the breast present for more than 24 hours, and accompanied by any degree of systemic illness.
Biochemical analysis
Methods for the biochemical analysis conducted in this study along with recoveries and coefficients of variance (excluding sIgA and lactoferrin) have been reported by the authors in detail. 13 However, briefly: All analysis in milk was undertaken on samples that were defatted after collection (except chloride) and then stored at Ϫ20°C until analysis. The concentration of lactose and glucose in milk was determined by spectrophotometric assay 14 and lactose in urine and blood by bioluminescent assays. 15 The enzyme-linked immunosorbent assay (ELISA) for serum albumin in milk was adapted from the method of Schwerer et al. 16 and is outlined in Cregan et al. 17 Determination of the sodium concentration in defatted milk samples was undertaken using a Corning 435 Flame Photometer ® (Essex, UK) and chloride concentration in whole milk was determined using a combination chloride ion electrode (ORION Model 96-17B ® ) and a direct concentration read out specific meter (ORION 490Aϩ ® ).
Measurement of sIgA and lactoferrin was undertaken using ELISA. 18 The recovery of a known amount of sIgA and lactoferrin added to milk samples was 100.5 Ϯ 3.0% (n ϭ 11) and 96.7 Ϯ 5.9% (n ϭ 5), respectively. The interassay coefficients of variation were 3.8% (n ϭ 10) and 4.9% (n ϭ 10), respectively.
Statistical analysis
Descriptive statistics used means and standard deviations or medians and interquartile ranges, as appropriate, depending on normality. Hypothesis testing of all outcome measures was based on analysis of variance with repeated measures within a mixed model. Models were used where individual women were treated as random effects and comparison groups (e.g., mastitis/no mastitis) as fixed effects.
In the analysis of outcomes that occurred at various stages of lactation, appropriate adjustments were made, using stage of lactation (day postpartum) as one of the covariates in analysis of variance models. Estimate effects were presented as means and 95% confidence intervals (95% CI). Any p-values Ͻ 0.05 were considered significant. All data were analyzed using the mixed model module in SPSS 11.0 for Mac OSX.
RESULTS

Biochemical composition of milk from "healthy" breasts
Breast milk samples were collected at five reference time points, on days 5, 14, 30, 60, and 90 postpartum, and analyzed for composition of lactose, glucose, sodium, chloride, serum albumin, sIgA, and lactoferrin. Sample numbers varied at each collection time point because some mothers provided limited participation and others suffered mastitis or other breast symptoms at the time of collection; therefore excluding them from the "healthy breast" sample.
Mixed model analysis, adjusted for the presence of any breast symptoms and stage of lactation, showed no significant difference between concentrations of milk components in the right and left breasts for sodium (p Ͻ 0.29; df:1,184; F ϭ 1. Table 1 .
Changes in milk composition associated with events other than mastitis
Variation from the cohort's normal milk composition was observed in both women with breast symptoms other than mastitis and women with no breast symptoms. There was a marked increase in sodium and chloride and a decrease in lactose in milk in asymptomatic breasts at days 5 and 14. These changes were observed in women with birth at or before 38 weeks gestation (n ϭ 4), Cesarean birth (n ϭ 3), and increased CRP in blood above the normal mean for that time postpartum (n ϭ 5). Women identified with low supply (n ϭ 1), self-perceived oversupply (n ϭ 3), and nipple trauma (n ϭ 7); all showed an association with an increase in milk sodium (p Ͻ 0.001; p Ͻ 0.001, and p Ͻ 0.004, respectively) and a decrease in milk lactose (p Ͻ 0.05; p Ͻ 0.015; and p Ͻ 0.001, respectively). Changes also were observed in the concentrations of chloride, glucose, lactoferrin, and sIgA in milk, as well as the 24-hour excretion of lactose in urine ( Table 2) .
Incidence of mastitis in the "at-risk" sample
Applying the operational definitions previously outlined, 14 of the 26 at-risk mothers suffered a total of 22 episodes of mastitis (including two bilateral). Range of occurrence was day 5 to day 400 postpartum, median day 49 (20, 187) . Seven mothers experienced 13 episodes of blocked duct(s) with range of occurrence from days 14 to 310, median 60 (25, 102).
Blocked duct(s)
One mother (M8), who had undetectable concentrations of sIgA in her breast milk and was subsequently diagnosed with IgA deficiency during the course of the study, contributed over 50% of episodes of blocked duct(s) (n ϭ 7). Her data were omitted from the analysis and will be reported elsewhere. The re-maining six mothers experienced one episode each of blocked duct(s), and although milk composition in the affected breast was variable, the median was within normal range (Table 3) , as was median lactose excretion/24 hours at 3.0 (2.2, 5.1) mmol/24 hours. Variability in milk composition was noted to be associated with three mothers who had coexisting symptoms of nipple trauma (n ϭ 2) and oversupply (n ϭ 1).
Mastitis symptoms
At the onset of mastitis 71% (n ϭ 17) of breasts affected (n ϭ 24) presented with segmental inflammation, 13% (n ϭ 4) with localized inflammation, and 11% (n ϭ 3) with inflammation of the whole breast.
Duration of mastitis episodes ranged from 1 to 5 days, with a median of 2 days (1, 3). Breast symptoms for mastitis episodes ranged from 1 to 5 days (2.2 Ϯ 1.1), whereas duration for systemic symptoms was from 1 to 4 days (2.0 Ϯ 1). At the onset of mastitis episodes, 38% (n ϭ 8) of mothers suffered mild systemic symptoms, 38% (n ϭ 8) acute symptoms, and 28% (n ϭ 6) hyperacute symptoms.
The severity of both systemic and breast symptoms was greatest at the commencement of the mastitis episode and decreased with time. The severity of breast inflammation did 
Adjusted for coexisting pathologies and stage of lactation. Abbreviations and symbols: n ϭ number of samples; N/S ϭ not significant. not predict the severity of systemic symptoms (p Ͻ 0.23, df:2,71; F ϭ 1.5).
Changes in milk composition during mastitis
The mixed model analysis showed a significant difference in the concentrations of sodium, chloride, serum albumin, and lactose in the breast with mastitis when compared with both the contralateral asymptomatic breast and "healthy" breasts from women without either mastitis or coexisting breast symptoms (Table  3) . Although there was a trend for a decrease in glucose and an increase in lactoferrin and sIgA in the mastitis breast, the difference was not significant in the mastitis/no mastitis model. The 24-hour urinary excretion of lactose during mastitis has been reported in detail. 13 It was significantly higher during mastitis (p Ͻ 0.001; df:1,117; F ϭ 26.6), peaked at the commencement of the mastitis at a median of 7.5 mmol/24 hours (6.3, 12.4), and decreased over time until there was no significant difference at the time of follow-up (7 days after resolution of symptoms) when compared with the mothers with no mastitis (p Ͻ 0.25; df:1,48; F ϭ 1.3).
There were no significant differences in the breast with mastitis at follow-up when compared with "healthy" breasts for sodium (p Ͻ 0.12; df:1,168; F ϭ 2. 
Variation in milk composition changes during mastitis
Results from two mothers (M1 and M17) are presented as outlier examples of the varying course, and degree of change, in milk composition between individuals who experienced similar severity and duration of symptoms. The most extreme changes in milk composition were experienced by M17 (see Table 4 ), who reported oversupply problems in the weeks before suffering with mastitis. These results reflect the findings from the mixed models analyses (see Table 3 ), with a return to normal concentrations at follow-up with the exception of serum albumin and lactoferrin, which were both increased in comparison with reference day 30 results from "healthy" breasts. The excretion of lactose on day 1 of the episode was very elevated at 12.5 mmol/24 hours compared with her reference day 90 sample, which was within normal range at 2.2 mmol/24 hours. In contrast M1, who had a history of mastitis, experienced minor changes in milk composition at the onset of symptoms followed by an overnight recovery of the concentrations of sodium, chloride, lactose, and serum albumin to within normal range despite going on to experience symptoms for another 3 days.
Changes in milk composition in relation to severity of symptoms
Mixed model analyses were undertaken to examine whether either the severity of breast symptoms (localized, segmental, or whole breast inflammation) or the severity of systemic symptoms (nil, mild, acute, or hyperacute) could predict changes in milk composition.
Although the concentration of sodium and chloride in the breast with mastitis increased according to severity of symptoms suffered, the differences were not significant.
Acute systemic symptoms predicted a significant decrease in milk lactose (p Ͻ 0.037; df:3,69; F ϭ 2.9) compared with patients in whom systemic symptoms had resolved but breast inflammation remained.
The statistical models showed inflammation of the whole breast (p Ͻ 0.01; df:2,65; F ϭ 5.0) and hyperacute systemic symptoms (p Ͻ 0.034; df:3,69; F ϭ 3) were both significant predictors for a decrease in milk glucose compared with less acute symptoms (Fig. 1) , where glucose remained fairly stable.
Although lactoferrin and sIgA followed a varied course, in regard to breast and systemic symptoms, the concentration of both defense components showed a trend toward increasing with severity of symptoms experienced. There was a marked increase in lactoferrin with the more extreme symptoms of whole breast inflammation, and both lactoferrin (p Ͻ 0.05; df2,71; F ϭ 2.4) and sIgA (p Ͻ 0.028; df:2,67; F ϭ 3.9) were significantly increased with hyperacute systemic symptoms.
Sodium, chloride, lactose, and serum albumin remained increased even when mothers had recovered from systemic symptoms but still experienced breast inflammation.
Mixed model analyses showed that neither milk composition at day 5 postpartum nor at the reference sampling days before mastitis could predict mastitis occurrence.
DISCUSSION
The prospective design used in this study has enabled a detailed observation of breastfeeding women before, during, and after their experience of mastitis. Recruiting breastfeeding women with known risk factors for mastitis, in particular women with a past history of mastitis and/or nipple trauma and attachment difficulties in the early postpartum period, provided a very high incidence of mastitis with a wide range of severity of symptoms. Subsequently, this proved an efficient method for the prospective observation of women who develop mastitis during lactation. It also demonstrated the importance of counseling mothers with known risk factors for mastitis in strategies that can be undertaken to prevent this significant problem.
Although the results for milk composition from healthy breasts in the first 3 months postpartum have been controlled for any breastfeeding disorders, detectable through examination and interview, there are some marked differences in concentrations in some milk components compared with previously published findings. 19, 20 Despite the general trends being similar, lactose concentrations at all reference time points within the first 3 months postpartum were lower, and conversely sodium and chloride concentrations were higher. The relatively low stable excretion rate for urinary lactose indicates that these variations are not a result of increased paracellular pathway permeability. This suggests that the higher than normal concentrations of milk sodium and chloride observed in "healthy breasts" may be a normal physiologic response to a lower concentration of lactose, ensuring that the osmolality of milk remains isotonic with blood. This has important implications for the assumption that a raised sodium concentration is a result of subclinical mastitis.
The term subclinical mastitis has been applied to lactating women who present with increased sodium after day 3 postpartum in the absence of weaning. 21 However, this definition may obscure other potential causative factors. The authors' study identified other factors that may be associated with changes in the concentration of sodium and other milk components over the first 3 months postpartum, such as: preterm birth, nipple trauma, self-perceived oversupply, low supply, and an increased acute phase response (raised CRP). The latter supports other findings, in which an increase in the Na/K ratio in milk from both breasts was observed in women with systemic infection. 22 The small sample of women diagnosed with blocked duct(s), showed no significant change in milk composition, although there was a wide variation in some milk components. This is in contrast to breast inflammation that lasted longer than 24 hours and was accompanied by systemic symptoms (defined as mastitis), in which significant changes in sodium, chloride, lactose, and serum albumin in milk were observed. The apparent transitory nature and lack of significant change in milk composition during blocked duct(s) is reassuring, particularly as this is a very commonly reported problem among breastfeeding women. The increase in the concentrations of sodium, chloride, and serum albumin and the decrease in lactose in the milk from the breast with mastitis is similar to that found in other studies. [6] [7] [8] [9] [10] [11] The 24-hour excretion of lactose in urine also was significantly increased, confirming that these changes were likely to have occurred as a result of an increase in the permeability of the paracellular pathway. However, concentrations of glucose and serum albumin in milk remained raised even after sodium, chloride, and lactose had returned to normal, suggesting that the changes in milk composition were more complex than is currently explained by the increased permeability of the paracellular pathway breast model during mastitis. Also, the concentration of glucose in breast milk remained low at lactogenesis II (day 5) and stable during mastitis, except during severe symptoms, even in the presence of extreme changes in sodium, chloride, and lactose (see Tables 3  and 4 ). This raises many questions about the biological structure of the tight junctions within the breast and changes that might occur in response to pathology.
Although there were no significant changes in the general mastitis/no mastitis models for glucose, lactoferrin, and sIgA, the models differentiating between the degree of severity of inflammation and systemic symptoms were significantly predictive as severity of symptoms increased. The significant decrease in concentration of glucose during whole breast inflammation and hyperacute systemic symptoms indicates an inhibition of glucose uptake into the cell, rapid depletion because of increased metabolism resulting from loss of lactose, or both. The percentage of lactose excreted in urine did not account for the decrease in lactose concentration within the breast. 13 Therefore, it is concluded that in addition to loss of lactose through the paracellular pathway there also was a decrease in lactose synthesis. This may result from both the decrease in available glucose, especially during extreme symptoms, and damage or death of lactocytes because of inflammation.
The significant increases in the concentrations of sIgA and lactoferrin only in the presence of whole breast and hyperacute systemic symptoms may partially explain the varied findings from different researchers about lactoferrin during mastitis. Buescher and Hair 12 did not find an increase in lactoferrin in milk during mastitis despite an increase in TNF-␣ concentrations. This is contrary to a report 11 of increased lactoferrin concentrations in women with mastitis (1.23 g/L) compared with women without mastitis (0.56 g/L). However, the concentrations reported in this study 11 during mastitis were not higher than the concentrations observed in the "healthy" cohort from the authors' study (2.9 g/L), the pooled results from Jensen 19 (1.65 to 1.94 g/L), or results from The Gambia 9 (1.87 g/L). The concentration of lactoferrin in milk appears quite variable, suggesting it may not be a reliable marker for mastitis.
Previous research has observed changes in the contralateral asymptomatic breast suggestive of subclinical inflammatory changes. 10 Despite an increased variation around the mean similar to the changes seen in the breast with mastitis, when controlled for stage of lactation and other coexisting pathologies, this study found no significant differences in the contralateral asymptomatic breast when compared with "healthy" breasts.
Milk from the breast with mastitis was analyzed at follow-up 7 days after the resolution of symptoms, and found to have returned to within normal range for most mothers. This confirms that the breast affected by mastitis made a rapid return to normal function in most cases, and supports other findings 9 that there was no significant difference in the breast with mastitis compared with the unaffected breast at followup of 5 weeks after initial presentation.
Milk composition has been found to be a predisposing factor for mastitis, with a lower con-centration of sIgA observed in the milk of women who developed mastitis in The Gambia. 9 Although no significant predictors in milk composition were identified either at day 5 or at the sample collected before the occurrence of mastitis, it is of interest that the mother with no sIgA in her milk suffered with recurrent episodes of transient localized breast inflammation and apparent blockage.
CONCLUSION
Changes in milk composition observed in this study indicate there is an increased breast permeability, reduced milk synthesis, and increased concentration of the immune components sIgA and lactoferrin with increasing severity of breast and systemic symptoms. The changes observed in milk composition during periods of increased breast permeability cannot be solely explained by the current theory of permeability of the paracellular pathway, and further research in this area is required. Despite the acute illness and degree of breast inflammation often associated with mastitis, it is remarkable to find that the changes observed in milk composition are only temporary, and in most cases recovery of the breast to its normal state is achieved within 1 week of the resolution of mastitis symptoms.
As there appears to be a wide range of factors that might influence changes in some milk components, it is important that a mother's health status, and in particular breast health, should be taken into consideration when establishing a normal range for breast milk composition. A better understanding of how breast and systemic pathologies affect milk composition and breast physiology will be gained if a possible causative association for breast milk changes are further investigated and defined.
